A quantum optics model that explains the sensitivity of the dark-adapted rhodopsin to a single photon is presented. We describe the absorption of photons by rhodopsin molecules using the three level Λ-type model for its retinal chromofore, with 3 states being the all-trans, 11-cis and the photoexcited S1 state. The ab-initio calculations have been performed to estimate the parameters of the model. ·¥¤²μ¦¥´ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸± Ö ³μ¤¥²Ó, μ¡ÑÖ¸´ÖÕÐ Ö ¢Ò¸μ±ÊÕ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ·μ¤μ- ¶¸¨´ ¢ É¥³´μ¢μ³¸μ¸ÉμÖ´¨¨± μ¤¨´μÎ´Ò³ ËμÉμ´ ³. μ£²μÐ¥´¨¥ ËμÉμ´μ¢ ³μ²¥±Ê² ³¨·μ¤μ ¶¸¨´ μ ¶¨¸ ´μ¸ ¶μ³μÐÓÕ É·¥ÌÊ·μ¢´¥¢μ°³μ¤¥²¨Λ-É¨ ¶ ¤²Ö ·¥É¨´ ²Ó-Ì·μ³μËμ· . '·¥³Ö¸μ¸ÉμÖ´¨Ö³Ö ¢²ÖÕÉ¸Ö all-trans, 11-cis¨ËμÉμ¢μ §¡Ê¦¤¥´´μ¥ S1-¸μ¸ÉμÖ´¨¥. "²Ö μÍ¥´±¨ ¶ · ³¥É·μ¢ ³μ¤¥²¨ ¶·μ-¢¥¤¥´Ò · ¸Î¥ÉÒ ³¥Éμ¤ ³¨ab-initio.
INTRODUCTION
The G protein-coupled receptors (GPCR), that form a large family of signaling molecules, are involved in practically all processes of information perception and transmission in living systems. The absorption of a single photon by the rhodopsin molecule induces the activation of transducin protein, amplifying the light signal to a chemical signal [1Ä3] . The activation of the GPCR is the key problem in studying visual perception and in understanding the functioning of the entire nervous system. The protein rhodopsin (see Fig. 1 ) consists of seven transmembrane helices. Its chromophore, the 11-cis retinal, is covalently attached to the Lys296 residue of helix VII via the formation of a Schiff base.
The energy of the absorbed photon is used for the isomerization of the 11-cis retinal isomer to the all-trans one (see Fig. 2 ), that affects the geometry of the rhodopsin protein and causes the activation of transducin. 
RHODOPSIN STRUCTURE AND PHOTOCYCLE
The rhodopsin photoreceptors are tightly stacked in the outer segments of the rod. The surface area (4.8 × 3.7 nm) of the unit cell houses two rhodopsin molecules [6] and the mean distance between rhodopsin molecules in the dimer is about 4 nm.
After optical excitation, the retinal chromophore relaxes to the all-trans conˇguration of the photorhodopsin Ä theˇrst of the intermediates, which is formed in 200 fs after excitation (see Fig. 2 ). The process is rather complicated and involves the interaction of the prosthetic group of the retinal with the rhodopsin helices. The energy of the photo-transition to the excited state S 1 corresponds to the wavelength of 490Ä570 nm [4] . The formation of the primary all-trans photorhodopsin, that is, further decayed in bathorhodopsin, stable in picoseconds time scale (see Fig. 2 ), initiates the chain of the photoinduced chemical transformations of rhodopsin.
AB-INITIO CALCULATIONS
Theoretical calculations of the ground state geometries and IR eigenfrequencies of the retinal chromophore have been performed by many authors [7Ä9] . For our simplistic model we restrict ourselves to ab-initio quantum chemistry calculations of the retinal ground state energy and dipole momenta in vacuum, for both all-trans and 11-cis conˇgurations.
Calculations have been performed with the B3LYP hybrid functional of Becke [10] and the Pople-type 6-31G(d, p) basis set [11] as implemented in the Gaussian'03 software package [12] . The initial coordinates of retinal molecule were obtained from the crystal structure of Rhodopsin [13] , PDB reference code 1F88. The Schiff base of the retinal was truncated with a terminal methyl group and the singlycharged (1+) singlet state was considered for both 11-cis and all-trans conˇgurations. The results of our electronic structure calculations are presented in the 
MODEL AND EQUATIONS
We consider each retinal chromophore in the rhodopsin environment as a Λ-type system, see Fig. 4 . The ground state |0 of the system corresponds to the all-trans state of the retinal chromophore. The state |1 corresponds to the 11-cis conˇguration of retinal. The energy difference (calculated in vacuum) corresponds to about 0.008 Hartrees. However, the dark-adapted rhodopsin keeps its chromophores in the 11-cis conˇguration by means of the hydrophobic interaction of the retinal with the rhodopsin helices. The |2 is the shortliving photoexcited state. To study the behavior of the retinal-rhodopsin three-level system we [14] , which enables to describe the propagation of light through the rhodopsin environment. We consider the Hamiltonian with localˇeld operators. In dipole approximation it takes the form
Theˇeld operators A ml stand for the packets of plain waves For simplicity, we assume that there is only one molecule in each of the M normalization cell and take into account only modes close to resonance interaction. Our approximation results in one-dimensional problem, with l → l z = z and two localˇeld operators A az , A cz with frequencies ω a ≈ ω 21 and ω c ≈ ω 20 , where ω mn is atomic transition frequency between levels m and n. Doing so, we get
where
with q = ω q /2 0 a 3 , q = a, c, 0 = 8.854 · 10 −12 F/m being the vacuum permittivity, being the rhodopsin media permittivity and the localˇeld operators being denoted as
The evolution of the density matrix of electromagneticˇeld and the retinal chromophores is governed by the master equation:
where v is the speed of light in media and R is the relaxation operator. The Eq. (4) describes the propagation of two quantized modes in the rhodopsin media represented by a chain of M independent molecules. The problem can be solved perturbatively ρ = ρ 0 + ρ 1 + ρ 2 + . . . We assume that before the interaction at t 0 all retinal molecules are in the 11-cis state and that there are no correlations between incident photons and any of the molecules:
, where ρ f (z = 0, t) is the density matrix of incident photons. This assumption reduces the multiparticle problem to a single particle one, when considering the evolution of the density matrix r = Sp M−1 ρ of a molecule and two quantized modes
where 
The Eq. (7) states that secondary photons c are emitted as a result of absorption of incident photons a.
For qualitative estimation of the effect we take γ 
) −1 and oneˇnds
where n m is the concentration of molecules. 
CONCLUSION
The structure of the outer segment of the rod seems to be specially designed for detecting single photons. The typical wavelength of incident photon rods are sensible to about 500 nm. The distance between retinals packed in rhodopsin media in the outer segment of the rod is of the order of a few nm. Since the number of retinal chromophores interacting with the same quantum of light is large, and there may be entanglement effects between the photonˇeld and the quantum ensemble of retinal chromophores, a collective behavior of retinal chromophores is expected. The strength of this collective interaction may depend on many factors: on the energy dissipation within rhodopsin, on the interaction with the solvent, and on the external forces changing the thermodynamic state of the rhodopsin. It is impossible to describe all these processes taking place in vivo. However, we can estimate the coherence length of the collective interaction. If the dipoleÄdipole interaction between the retinal chromophores is responsible for the collective behavior, the classical energy of the dipoleÄdipole interaction is 
